Ca2+ is a ubiquitous second messenger in the signal transduction pathway(s) by which stomatal guard cells respond to external stimuli. Increases in guard-cell cytosolic free Ca2+ concentration ([Ca"],,,) have been observed in response to stimuli that cause both stomatal opening and closure. In addition, several important components of Ca2+-based signalling pathways have been identified in guard cells, including the cADPribose and phospholipase C/Ins( 1 ,4,5)P3-mediated Ca2+-mobilizing pathways. The central role of stimulus-induced increases in [Ca2+Icyt in guard-cell signal transduction has been clearly demonstrated in experiments examining the effects of modulating increases in [Ca2+],yt on alterations in guard-cell turgor or the activity of ion channels that act as effectors in the guard-cell turgor response. In addition, the paradox that Ca2+ is involved in the transduction of signals that result in opposite end responses (stomatal opening and closure) might be accounted for by the generation of stimulus-specific Ca2+ signatures, such that increases in exhibit unique spatial and temporal characteristics.
Introduction
Stomata are pores on the leaf surface that permit the uptake of CO, for photosynthesis and the loss of water during transpiration. This gaseous exchange is regulated by alterations in the aperture of the stomatal pore, which result from changes in the turgor of a pair of guard cells that surround each pore. These changes are driven by fluxes of and vacuolar membranes of cells [1, 2] . Stomata1 guard cells have been widely used as a model system in which to study signal transduction pathways in plants because they respond in an easily quantifiable manner (a change in cell turgor and hence stomatal aperture) to a range of environmental stimuli such as light, elevated [CO,], temperature and plant hormones [3] . Guard cells are also tractable to many cell physiological techniques, enabling the molecular basis for the control of the ion channels that mediate these responses to be examined in detail. Ca2+ is a ubiquitous second messenger that has been shown to couple many stimuli to physiological responses in plants [4, 5] . There is direct evidence that an increase in cytosolic free Ca2+ concentration ([Ca"],,,) is a key component of the signal transduction pathways by which guard cells respond to stimuli that cause stomatal opening and closure. In addition, many of the components of Ca2+-based signal transduction pathways present in animal cells have been identified in guard cells. This provides an insight into the mechanisms involved in the control of guard-cell turgor through the co-ordinated action of Ca2+-based signal transduction pathways on plasma and vacuolar membrane ion channels [3, 6] .
Caz+ in guard cells
Increases in guard-cell [CaP+] ,,, have been reported in response to various stimuli ( Table 1) . The central role of increases in [Ca2+Icyt to guardcell signal transduction has been demonstrated directly in a series of experiments that examined the effects of treatments modulating stimulusinduced increases in guard-cell [Ca2+Icyt on either the activity of the ion channels that act as the effectors in the guard-cell turgor response, or on changes in stomatal aperture that result from alterations in guard-cell turgor. Several studies have looked at the effects of inhibiting increases in [Ca2+]cyt. Webb et al. [7] have shown that inhibition of the C0,-induced increase in guard-cell [Caz+] [14] , has been shown invariably to result in a decrease in guardcell turgor [Ins( 1,4,5)P, [13] and cADP-ribose [14] both induce an increase in guard-cell [Ca2+Icyt; see later sections for a full discussion]. Taken together, the results of these studies confirm the central role of increases in [Ca2+lcyt in guard-cell signal transduction pathway(s) leading to changes in guard-cell turgor and hence stomatal aperture.
An important feature of all reports of stimulus-induced increases in guard-cell [Ca2+Icyt is the variability observed in the Ca2+ signal. The reasons for this are not known, although several hypotheses have been proposed to account for the phenomenon. One possibility is the resolution of the techniques used: questions have been raised about their ability to detect a highly localized increase in [Ca2+Icyt in guard cells [15] . In addition, the use of invasive techniques to introduce the fluorescent Ca2+-sensitive indicators required for the measurement of [Ca2+Icyt in guard cells [7,8,10-12,lS-19,201 might influence the nature of the Ca2+ signal. Recent reports of a non-invasive acid-loading technique for guard cells [9] , and the transformation of Arabidopsis plants with the pHindependent, green fluorescent protein-based, Ca2+ indicator Yellow Cameleon 2.1 targeted to the guard-cell cytosol [21] , provide two exciting alternative approaches to the measurement of [Caz+]cyt in guard cells that might help to address these technical issues. A second possibility is the physiological address of the guard cell, namely the range of signalling elements present in the guard cell at the time of exposure to the stimulus [3, 22] . This status depends on the local environment of the cell and the range of environmental stimuli to which the cell and plant have been exposed during development. The role of the physiological address in determining the nature of the Ca2+ response is illustrated clearly by the data of Allan et al. [19] , who report a close correlation between plant growth temperature and the ability of ABA to induce an increase in guard-cell [Ca"],,,. The guard cells of plants grown at 30-35 "C exhibit large ABA-induced increases in [Ca2+Icyt, whereas guard cells of plants grown at 17 "C show little or no response to ABA. This might indicate the presence of parallel, Ca2+-independent signal transduction pathways in guard cells [19] . Furthermore, recent reports that hyperpolarization of the membrane potential facilitates ABA-induced increases in guard-cell [Ca2+]cyt [8, 10] suggest that the 'poise' of the cell, which is a consequence of the physiological address, might be critical in determining the scope and magnitude of the ABA Ca2+ signal; guard cells that do not respond to ABA might not be maintaining an adequately hyperpolarized membrane potential. Therefore the variability in stimulus-induced increases in guard-cell [Ca2+Icyt might be accounted for, at least in part, by differences in the physiological address of guard cells.
Stimulus-induced increases in guard-cell [Ca2+Icyt might result from Ca2+ influx across the plasma membrane and/or via release of Ca2+ from endomembrane stores. Evidence for Ca2+ influx across the plasma membrane has been provided by pharmacological and flux tracer studies [23- [8, 12, 14, 15, 18] , as has the photolysis of caged Ins(1 ,4,5)P3 microinjected into guard cells [13] and the microinjection of cADP-ribose directly into the guard-cell cytosol [14] . Recent work has highlighted the importance of two Ca2+-mobilizing pathways in the generation of stimulusinduced increases in guard-cell [Caz+]cyt, the PLC/Ins( 1 ,4,5)P3 and cADP-ribose-mediated Ca2+-mobilizing pathways.
PLC/lns( I ,4,5)P,-mediated Ca2+-mobilizing pathway
Ins( 1 ,4,5)P3 is an important component of Ca2+-mediated signal transduction pathways in animal cells [26, 27] . The activation of PLC results in the hydrolysis of PtdIns(4,5)P2, generating Ins(1 ,4,5)P3 and diacylglycerol (DAG) ; the binding of Ins(1 ,4,5)P3 to receptors [Ins(l ,4,5)P3R] on the endoplasmic reticulum triggers the release of stored Ca2+. There is good evidence for a role of the PLC/Ins( 1 ,4,5)P3-mediated Ca2+-mobilizing pathway in plants [5, 14] and in guard-cell signal transduction. Several intermediates in animal PLC/Ins( 1 ,4,5)P3-based signalling systems have been identified in stornatal guard cells [28, 29] . In addition, Ins(1,4,5)P3 and DAG have both been implicated in guard-cell signal transduction. Ins( 1 ,4,5)P3 turnover has been shown to increase in guard-cell protoplasts on stimulation with ABA [30] . The release of Ins(1,4,5)P3 in guard cells has also been reported to inhibit K,, [31] and to stimulate an increase in guard-cell [Ca2+],,,, leading to stomatal closure [ 131. DAG has been shown to be involved in light-induced stornatal opening [32] . Furthermore, PLC activity has been demonstrated in guard cells [8, 33] and PLC has recently been cloned from the guard cells of tobacco [34] and potato [35] . These results point towards the presence of a PLC/Ins( 1 ,4,5)P3-based signalling system in guard cells although there have so far been few reports of a physiological role for this system in this cell type.
Recently, Staxen et al. 
cADP-ribose-mediated Ca2+-mobilizing pathway
In animal cells, the mobilization of Ca2+ from endomembrane stores during the transduction of signals occurs via the activation of Ins( 1 ,4,5)P3R and/or ryanodine receptors (RyRs) [26, 27] . The latter might be mediated by the NAD+ metabolite cADP-ribose, which interacts with one RyR receptor isoform (RyR2) [36] . There is strong evidence for a role of Ins(1,4,5)P3 and the PLC/ Ins( 1 ,4,5)P3-mediated Ca2+-mobilizing pathway in guard-cell signal transduction (see the previous section). In addition, plants have been shown to be competent to respond to cADP-ribose [14, [37] [38] [39] [40] . However, it is only recently that a physiological role for cADP-ribose has been reported in plants in the transduction of the ABA nuclear signal [40] and in ABA signal transduction in guard cells [14] .
Leckie et al. [14] a cADP-ribose-elicited Ca2+-selective current, identifying the vacuole as the cADP-ribose-labile Ca2+ pool. A similar cADP-ribose-mediated Ca2+-mobilizing pathway has also been identified in the vacuoles of beet [37] .
Leckie et al. [14] have used a pharmacological approach to show that cADP-ribose is an important component of the signal transduction pathway by which ABA induces a decrease in guard-cell turgor (Figure 2) . Guard cells in which a competitive antagonist of cADP-ribose, 8-NH,-cADP-ribose [41], had been microinjected directly into the cytosol exhibited slower rates of turgor loss (measured as a decrease in half-stomata1 aperture) in response to ABA than their uninjected counterparts ( Figure 2A ). In contrast, guard cells microinjected with ADP-ribose failed to exhibit a marked difference in the rate of ABA-induced turgor loss in comparison with uninjected cells (Figure 2A, inset) . In addition, nicotinamide, which, as a product of ADP-ribosyl cyclase, inhibits cADP-ribose synthesis [42] , also inhibited ABA-induced stornatal closure in a concentrationdependent manner ( Figures 2B and 2C ). Taken together, these results provide strong evidence for a role of cADP-ribose in ABA signal transduction in guard cells. However, there is still a need to show that the levels of cADP-ribose in the guardcell cytosol are modulated by ABA. Moreover, the extent to which cADP-ribose is involved in other Ca2+-mediated signal transduction pathways, including the response to auxin, CO, and oxidative stress, remains to be established. [8] . The pattern of oscillations is directly correlated with the strength of the stimulus and describes the magnitude of the physiological response, stornatal closure. Furthermore, guard cells are able to integrate the information from several different stimuli being perceived simultaneously, through the generation of a novel pattern of stimulus-induced oscillations in [Ca2+Icyt, when formulating stornatal aperture [43] . Therefore oscillations in [Ca2+],,, are a dynamic signalling mechanism by which guard cells can encode information regarding both the nature and strength of a stimulus. A similar mechanism for the encryption of complex signalling information has also been proposed for animal cells [26, 27] . It has been suggested that in animal cells the form of the increase in [Ca2+Icyt observed in response to different stimuli is determined by the pathway by which Ca2+ is mobilized, whether through the cADP-ribose and/or the Ins( 1 ,4,5)P3-mediated pathways [26, 27] . T h e identification of multiple Ca2+-mobilizing pathways in guard cells, including the PLC/Ins( 1 ,4,5)P3 and cADPribose-mediated pathways, together with the wide diversity of Ca2+-permeable channels identified in plants [1, 5] , provides a mechanism for the generation of the complex spatiotemporal patterns of [Ca2+lCyt observed in guard cells. It remains to be determined whether specificity is encoded in the Ca2+ signal through different stimuli accessing different Ca2+ stores via different Ca2+-mobilizing pathways to generate a stimulus-specific Ca2+ signature, although Staxen et al. [8] have already demonstrated a differential role for the PLC/ Ins( 1 ,4,5)P3-mediated Ca2+-mobilizing pathway in the generation of ABA-and [Ca2+],,,-induced oscillations in [CaP+] cyt. In addition, the mechanism by which the information contained within spatial and temporal heterogeneities in guard-cell [Ca"],,, is decoded remains the subject of debate. However, this will depend on the physiological address of the cell, including the spatial distribution of the downstream targets of Ca2+ such as calmodulin, PLC and Ca2+-dependent phosphatases and kinases [3, 5, 22] . 
Conclusions: specificity in the Ca2+ signal

